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is also an important factor in better understanding the evolution from paramagnetic insulator to ferromagnetic metal at a few per cent Mn doping.
Unlike susceptibility and anomalous Hall effect measurements, which reflect ferromagnetic moments integrated over the sample volume, µSR produces distinguishable signals from magnetically ordered and para/non-magnetic volumes, where the signal amplitudes are proportional to the respective volume fractions. We carried out µSR measurements using the special low-energy µSR beamline at the Paul Scherrer Institute (PSI), where muons with extremely reduced velocity can be implanted into thin-film specimens and stopped with a controllable depth with an uncertainty of 10-20 nm (ref. 16 ). Principles and instrumentation of the low-energy µSR method are described in Supplementary Information A. Highquality specimens of (Ga, Mn)As films with seven different levels of doping/heat treatment have been prepared at Tohoku University using molecular beam epitaxy (MBE). Each specimen has typical dimensions of 18 mm × 20 mm × 60 nm (Ga, Mn)As layers, as illustrated in Fig. 1a and shown in Fig. 2e . In the present low-energy µSR measurements, we adopted an incident muon momentum of 5 keV, which results in an average muon implantation depth of ∼30 nm with a spread (half-width at half-maximum) of ∼10 nm. In all of the figures in this letter, we adopt the colour-coding scheme in Fig. 1a to distinguish these specimens. Preparation methods and heat-treatment conditions are described in Supplementary Information B. Figure 1b shows the resistivity curves of the specimens. As-grown (ag) films of Ga 1−x Mn x As with x = 0.010, 0.012 and 0.03 show insulating or semiconducting behaviour, whereas the remaining as-grown and annealed (anl) samples of x = 0.034 and 0.07 show metallic behaviour. These metallic films show kinks in resistivity at the ferromagnetic ordering temperature. Results of d.c.-and a.c.-magnetization measurements are shown in Fig. 1c and d, respectively. The directional dependence of the d.c. results indicates significant magnetic anisotropy. Peaks in a.c. response are seen well below T C in some specimens. Similar behaviour previously observed was interpreted with two conflicting pictures based, respectively, on (1) mixed magnetic phases having different T C values 9 and (2) spin reorientation owing to temperature-dependent anisotropy direction 10 . Supplementary Information B, Table S1 shows T C estimated from resistivity and magnetization. The film with the lowest Mn concentration (x = 0.010) did not show ferromagnetic order above T = 5 K. Figure 2a ,b shows µSR time spectra obtained in a weak transverse field (WTF) of 100 G on films with x = 0.012 (ag) (T C ∼ 15 K) and x = 0.07 (ag) (T C ∼ 90 K). A marked damping of the signals seen at T = 5 K is due to inhomogeneous internal fields from ordered Mn moments. We also notice a long-lived component with slower relaxation persisting with a significantly reduced amplitude. The specimens were mounted on a silver sample holder, as shown in Fig. 2e , and exposed to a beam spread over a centrosymmetric area of 2.0-2.5 cm in diameter. The long-lived signal at T = 5 K is due mostly to muons that miss the (Ga, Mn)As film and stop in the silver plate. Figure 2c ,d shows µSR time spectra in zero field obtained on the x = 0.012 (ag) and 0.07 (ag) films. The increase of the zero-field relaxation rate with decreasing temperature below T C is due to build-up of random static internal fields from ordered Mn moments. The faster damping of the signal at T = 5 K in Fig. 2d , as compared with that in Fig. 2c , indicates an increase of static internal fields with increasing Mn concentration x. The observed relaxation in zero field can be fitted well to an exponential decay exp(−Λt ) shown by the solid lines in Fig. 2c,d . Fitting methods adopted for data analyses of these spectra are described in Supplementary Information C.
The long-lived component in the WTF signal represents muons in a non-or paramagnetic environment. The amplitude of this signal is shown in Fig. 3a,b . The background signal level is calibrated by means of WTF measurements on a thin ferromagnetic Ni plate (see Fig. 2b ) having the same areal dimension as the (Ga, Mn)As films, which yields the estimate shown by the dashed line in Fig. 3a . The coloured dashed lines in Fig. 3b indicate background levels estimated for different (Ga, Mn)As films, according to their respective colour codings, having slightly different dimensions. The background estimate in Fig. 3b may be subject to a small systematic error of ∼0.01 in asymmetry, because we do not have Ni plate data at exactly the same beam tuning conditions for the samples shown in Fig. 3b . The full signal from the non-/paramagnetic environment was calibrated by a dry run on a silver plate without a (Ga, Mn)As film, and is indicated by filled triangles in Fig. 3a . Figure 3a ,b demonstrates that all of the metallic films show transitions from a full paramagnetic volume to a nearly full volume of static magnetism, with a rather sharp onset at T C .
The amplitude of the paramagnetic signal above T C in insulating samples (x = 0.012 (ag) and 0.03 (ag)) is about 10% (0.02 in asymmetry) smaller than those in metallic films, whereas the insulating x = 0.01 (ag) film, which remains paramagnetic down to T = 5 K, shows a slightly larger amplitude (Fig. 3b ). We do not know the origin of this behaviour. Other than that, however, the results on the insulating films indicate that they achieve static magnetism in nearly the full volume below T C , as in the metallic films. The onset of static order is rather sharp in the x = 0.03 (ag) film, whereas the x = 0.012 (ag) film shows a more gradual increase of the ordered volume fraction as the temperature is decreased through T C . This suggests percolating and inhomogeneous features near the onset of ferromagnetism at very low Mn doping near the para-ferro The relaxation rate Λ of the main signal in zero field (after subtraction of the non-relaxing component mainly resulting from the background) increases below T C , as shown in Fig. 3c . This relaxation is caused by static and inhomogeneous local fields at the muon site from ordered Mn moments. The dilute and random substitution of Ga sites by Mn creates a situation for muons similar to the case of dilute-alloy spin glasses CuMn or AuFe (ref. 13 ). We found a monotonic and nearly linear relationship between T C and Λ(T → 0) as shown in Fig. 3d . Note the smooth evolution without anomaly between insulating and metallic films.
The internal field at the muon site is due to dipolar interaction. As described in Supplementary Information D, we simulate the local field using the Ewald-Kornfeld summation method, for Mn atoms randomly substituted at the Ga sites, having a static ferromagnetic moment of 4 Bohr magnetons each (consistent with the remanent magnetization shown in Fig. 1c ). The half-width at half-maximum B of the resulting Lorentzian field distribution is shown in Fig. 3e , for thex andŷ components of the local field responsible for spin relaxation. The width B does not depend on the muon site location in the dilute limit, which may be justified for x < 0.08, where B depends linearly on x. The demagnetization field is negligible for the thin-film specimens magnetized parallel to the film surface. The simulation results in Fig. 3e and Supplementary Fig. D1 show a small dependence of B on the angle θ between the initial muon spin direction (ẑ) and the magnetization M direction. Although M is known to be parallel to the film surface, its precise direction and domain structure is not known in the present µSR studies in which the ferromagnetic state was achieved by cooling in zero field. For θ = 0, Bx = Bŷ because of symmetry, and this width can be compared to experimental results. For θ = 0, the root-mean-square average of Bx and Bŷ gives an effective width of the field distribution.
The muon spin relaxation rate Λ observed in zero field corresponds to 1.33γ µ Bx ,ŷ , where γ µ is the muon's gyromagnetic ratio (see Supplementary Information C). Figure 3e includes the experimental results for x = 0.034 (anl) and 0.07 (anl), converted into the field width using this factor. We note that the real Mn concentration of the annealed films may be slightly reduced from the nominal starting value x, as the annealing process is known to remove interstitial Mn (ref. 8) . The satisfactory agreement of experimental and simulation values of B in Fig. 3e , however, would not be altered by these small uncertainties related to θ and Mn concentration. Good fits of the observed zero-field time spectra to a single exponential decay verify the Lorentzian distribution of local fields expected from dilute and randomly located Mn moments. These features in the width and shape of the field distribution rule out microscopic clustering or segregation of Mn moments.
These results clearly demonstrate that ferromagnetism in (Ga, Mn)As develops homogeneously in the full volume fraction, up to x = 0.07, when specimens are prepared appropriately, and give strong encouragement to reliable application of (Ga, Mn)As in spin-sensitive devices. The signature of spatial inhomogeneity was found only in the x = 0.012 (ag) film, near the para-ferro phase boundary, around a very reduced T C ∼ 15 K. There is no change of ordered volume or µSR line shape at temperatures corresponding to the peaks in a.c. susceptibility in the x = 0.07 and 0.034 films ((ag) and (anl)) well below T C shown in Fig. 1d . This rules out the interpretation based on inhomogeneity 9 . Recent atom probe analyses, with a spatial resolution of 10 nm × 10 nm × 0.1 nm, found a homogeneous distribution of Mn atoms in (Ga, Mn)As with x = 0.037 (ref. 17) . The Methods section discusses spatial and time resolutions of µSR measurements and comparisons with measurements using other probes.
The earlier µSR results 14 , which reported static magnetic order developing in only half of the sample volume, were obtained using the same low-energy µSR instruments and specimens larger than the present films. The difference between the results must be due partly to a subtle difference in preparation methods and/or growth conditions of the specimens. In Fig. 3d , we included the zero-field relaxation rate Λ reported in ref. 14 for an x = 0.06 (anl) film (T C ∼ 110 K) by an open circle, which is about a factor two smaller than the trend of the present results for films with comparable T C values. The d.c. magnetization M of the x = 0.06 (anl) film shown in Fig. 2b of ref. 14 corresponds to ∼2.0 Bohr magnetons per Mn, which is significantly smaller than the moment size in Fig. 1c obtained for the present specimens. These results imply that both Λ and M can be useful indicators of the sample quality and homogeneity of (Ga, Mn)As films. Note that we also found significant inhomogeneity by µSR in a separate x = 0.049 film prepared under a different and less ideal MBE growth condition (see Supplementary Information B).
Storchak et al. 14 used the slowly relaxing asymmetry in zero-field µSR to estimate the paramagnetic volume fraction. As discussed in Supplementary Information C, such a signal in zero-field µSR generally includes a contribution from muons that stopped in sites where the static local fields from the ordered moments are parallel to the initial muon polarization. WTF results allow more reliable estimates of para-/non-magnetic volume fractions, as demonstrated in the present work. The use of zero-field results probably led to an overestimate of the paramagnetic volume in the earlier report 14 . This may be another factor contributing to different conclusions between the earlier and present µSR studies.
The ferromagnetic exchange interaction between Mn moments was initially explained by a model with itinerant hole carriers in the valence band provided by Mn impurities, that is, the p-d Zener model 5 . More recently, a picture with carriers in the Mn impurity band has been proposed on the basis of optical and other studies 6, 18 . For ferromagnetism in insulating films, recent theoretical proposals 19, 20 involve the hybridization of locally polarized valence band states and Mn impurity states where the Fermi level lies between the impurity bound states and the valence band.
The present results demonstrate that homogeneous ferromagnetism develops smoothly across the metal-insulator transition point. The resistivity values of semiconducting x = 0.030 (ag) and metallic 0.034 (ag) films in Fig. 1b differ by more than a factor of 200 at T = 2 K, whereas their T C values differ by only a factor of 1.5, and essentially identical responses are observed by µSR and magnetization. This feature implies that a sizable exchange interaction between Mn moments can be mediated by holes before they become fully itinerant, and that the existence of the metallic state is not a precondition for formation of a homogeneous ferromagnetic state. This information should help development of future models regarding interplay between conduction (charge) and magnetic (spin) behaviours in the quantum evolution of the ground state.
After we submitted this letter, Sawicki et al. 21 reported measurements of magnetization M on a very thin (4 nm thick) x = 0.07 (Ga, Mn)As film carried out by varying hole density as a function of gate voltage V G . The authors interpreted a continuous and monotonic dependence of M on V G to be inconsistent with the impurity-band picture. Although continuous variation of M is consistent with the present work, the gate-voltage study covers a LETTERS rather high-x yet low-T C sample near the two-dimensional limit having a wide spread of gated carrier concentrations, without obtaining direct information on the magnetically ordered volume fraction. This is a situation significantly different from that of the present study.
Methods
In general, µSR experiments detect magnetic order through a build-up of static internal field (mainly dipolar fields) with the time window given as t w ∼ 1/γ µ B inst . The instantaneous field B inst is often comparable in magnitude to the static internal fields from ordered moments observed at T → 0. In the present case of (Ga, Mn)As, t w ranges between 10 and 100 ns. As a real-space probe, µSR results do not contain much information about details of spatial spin correlations.
The spatial resolution of µSR can be inferred from the distance by which the magnetic dipolar field from a Mn atom decays into a level comparable to nuclear dipolar fields (∼5 G or less). The dipolar field from a static magnetic moment of 1 Bohr magneton is about 10 kG at a distance of 1 Å, and 10 G at 10 Å. Therefore, the internal field from a Mn moment of 4 Bohr magnetons becomes comparable to a typical magnitude of nuclear dipolar fields by the distance of 20-30 Å. If there is no frozen/ordered Mn moment within this distance, the implanted muon spin finds its environment equivalent to those in para-or non-magnetic systems.
These aspects, in addition to possible differences in preparation conditions of films, should be taken into account when the present results are compared with those from other methods. In particular, X-ray or Raman studies are sensitive to much shorter time windows and contain complementary information on long-and short-range correlations of the lattice and spin systems.
